With an increasing number of Distributed Generation (DG) being connected on the distribution system, a method for simplifying the complexity of the distribution system to an equivalent representation of the feeder is advantageous for streamlining the interconnection study process. The general characteristics of the system can be retained while reducing the modeling effort required. This report presents a method of simplifying feeders to only specified buses-ofinterest. These buses-of-interest can be potential PV interconnection locations or buses where engineers want to verify a certain power quality. The equations and methodology are presented with mathematical proofs of the equivalence of the circuit reduction method. An example 15-bus feeder is shown with the parameters and intermediate example reduction steps to simplify the circuit to 4 buses. The reduced feeder is simulated using PowerWorld Simulator to validate that those buses operate with the same characteristics as the original circuit. Validation of the method is also performed for snapshot and time-series simulations with variable load and solar energy output data to validate the equivalent performance of the reduced circuit with the interconnection of PV. 4 5
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INTRODUCTION
With an increasing number of Distributed Generation (DG) being connected on the distribution system, a method for simplifying the complexity of the distribution system to an equivalent representation of the feeder is advantageous for streamlining the interconnection study process.
Interconnection studies are required to study the impacts of high deployment levels of PV on a distribution system when the PV levels exceed screening thresholds for fast track approval [1] . A full detailed model of the distribution system can be time consuming to produce, and a timeseries simulation of a large system at a high time-resolution requires significant computational processing [2] [3] [4] . A simplified equivalent circuit will retain the general characteristics of the distribution system and will also reduce the modeling effort required.
This paper describes an analytical approach that can be used to derive the simplified equivalent representation of the circuit. A distribution feeder, which will typically have hundreds to thousands of line sections and nodes, can be simplified to an equivalent circuit with far fewer line sections and nodes. The reduced circuit maintains the feeder topology and characteristics so that it performs the same in simulation. This representation also preserves any specific buses where voltage or other performance measures are important. These specific buses, or buses-ofinterest, represent critical points in the circuit, including: voltage regulation equipment locations, potential PV point of common coupling (PCC) interconnection locations, or extreme voltage locations on the feeder. The number of buses in the simplified circuit depends on how many buses-of-interest are selected (n), plus some buses-of-interest to represent the topology of the distribution system. The final reduced circuit will contain between n and 2*n, with no more than twice the selected buses-of-interest in the reduced circuit. For example, a distribution feeder with 6 capacitor banks and 4 voltage regulators would reduce to less than 20 buses, independent of the number of loads or the length of the feeder. The buses-of-interest are retained in the reduced circuit maintaining equivalent performance as the full circuit, and all other circuit details are simplified to the minimum amount of necessary information.
One benefit of using a simplified equivalent representation for the feeder is the ability to reduce the feeder complexity to improve the ease of converting the feeder circuit from one software or analysis package to another. Existing models are often in distribution system programs with limitations for interconnection analysis, such as the available PV models and time-series simulation capabilities of the software. With fewer line segments in the reduced circuit, it would be much simpler and faster to convert feeders from commercial power flow software packages to software like OpenDSS that is open source and can do quasi-static time-series analysis for interconnection studies. The simplified feeder can also provide faster and more accurate interconnection screening criteria by reducing the circuit to a simpler equivalent representation with only the key circuit parameters, which could be used to quickly identify the PV impact risk score for a feeder. Finally, if a full interconnection study is required for a proposed PV system, a simplified equivalent representation would decrease the simulation system size. Time-series analyses of a large distribution system with many feeders, stochastic simulations, or multiple PV study scenarios simulated at a high time-resolution require significant computational processing for full circuit models. With a reduced circuit model, the simulation could stochastically loop through many different scenarios very quickly. For detailed time-series simulation, this would decrease simulation run times, reduce required processing power, and decrease the computer memory required, while still providing the full accuracy of the full feeder model.
BACKGROUND
Many methods for circuit reduction have been published for different purposes, and some examples of circuit reduction techniques can be seen in [5] [6] [7] [8] [9] [10] . These are often a reapplication of basic circuit analysis techniques to calculate circuit parameters for a simpler representation. One key circuit equivalencing technique that deserves special attention comes from the Western Electricity Coordinating Council (WECC) guideline for modeling wind power plants [11] . The solar energy field has learned many things from wind advancements, and WECC published a similar guideline for modeling PV systems in large-scale power flow simulations based on the wind guideline [12] . Both WECC guidelines use the same method for reducing the circuit, and it is well established in other literature [13, 14] .
The WECC equivalencing method was first published for reducing a collector system of a large wind power plant [15] . The method reduces a multi-machine system with varying impedances between the collector and the wind turbine generators to a single equivalent machine and single equivalent impedance representation. The single machine represents the average conditions on the wind power plant, and the single equivalent impedance is the average impedance weighed by the square of the current. This method was formulated in order to produce real and reactive line losses equivalent to the full wind power plant network. The equivalent impedance of the wind power plant is the sum of the individual line losses (current 2 *impedance) divided by square of the total current being produced by the wind power plant, I total . For each line with impedance Z m and current I Zm , the equivalent impedance for a collector with n line segments is 
The simplest implementation of this method assumes that all turbines have the same power output and rating, so the I Zm terms in (1) for current can be represented by the number of downstream turbines and I total is the total number of turbines [15] . The more advanced method uses the actual current in the lines to allow for different turbine or inverter ratings [16] . The WECC literature proposes a method similar to a DC power flow to calculate the line currents I Zm in (1). DC power flow is commonly used in a simplified model of the power system network as a rough approximation for such tasks as production costing and trading optimization because of the speed and simplicity of the calculation due to disregarding reactive power, voltage levels, and active power losses. Since all voltages are fixed, it is a system of linear constant equations that can be solved without iteration. The WECC method can use this approximation, along with the fact that it is a radial network, to approximate I Zm by hand without solving the full power flow or having to form the Ybus impedance matrix. It is important to remember that this method of calculating line currents is an approximation because the line losses make the assumption of equal bus voltages false, but it is not a bad approximation since the variation in voltages is small. If the simplified DC power flow is used, the equivalent impedance is slightly different than the exact equivalent impedance. When compared to the full plant representation, this simplified model varies slightly with regard to plant short-circuit contribution as well as the power angle with reference to the grid. The method provides an easy-to-calculate approximation that can be done by hand, and has been shown to work well for wind transient and stability studies [17] and for evaluating wind farm harmonics [18] . Errors for reactive power loss can be higher than active power errors because of the assumption that reactive power generated by the line capacitive shunts is at one per unit voltage [15] . In [19] it is shown that the WECC single turbine representation does not perform well under some conditions of diversity in line impedance, diversity in power production, or diversity of generation types. The WECC method allows both active and reactive losses to be approximated by hand. The approximation in the WECC method is in the calculation of I Zm , so if higher accuracy is required, the full wind or solar plant information along with the entire collector information can be entered into a power simulation package to solve for the full power flow.
The WECC equivalencing method is designed for studying the impact of large plants on the bulk electric transmission system, and it cannot easily be used to tackle the system in Figure 1 because of the diversity of loads and generators. The objectives of the WECC method did not include interest in the voltages or details inside the feeder, only their impacts on the transmission system. Once the circuit is reduced to an equivalent "average" load and "average" DG shown in Figure 1 , the model does not provide any information about the voltage deviations or extreme voltages inside the distribution system that are valuable for studying the impact of DG on the distribution system. The WECC model was never intended to be applicable to this case. To study the impact of PV on the distribution system, the equivalent circuit must preserve the locational value of solar with impacts to specific parts of the feeder and correctly model voltages inside the feeder, especially at locations with voltage regulation equipment. The WECC model is useful for quickly approximating the equivalent impedance for a singlemachine representation of a large wind power plant or a large PV plant. This could be used for modeling large central PV systems interconnected on the distribution system, but reducing the entire feeder would lose details necessary for distribution system interconnection impact studies.
Because the method assumes fixed voltage on all buses, it probably would not work well for equivalencing large distributed PV systems connected on the secondary system of the distribution system where the voltage varies significantly at locations around the feeder. The WECC equivalent impedance also requires all line currents to change in proportion to one another through time. This is a good approximation for a large wind power plant or large PV plant where all inverters in the plant increase or decrease together in time, but it is more complicated to apply to distributed rooftop solar, especially with dispersed loads in the feeder each with different load shapes through time.
Another method called the exact lumped load model was specifically developed for reducing the complexity of loads on the distribution system [20] . The reduced circuit model includes the extreme feeder voltages by modeling the voltage drops in the circuit. This method assumes that all loads are constant current loads and are uniformly distributed along a line in the feeder with equal spacing and equal magnitude. The uniformly distributed requirement is a big assumption and limitation of the method, but this is most commonly the case on single phase laterals where equally rated transformers are regularly spaced along the lateral. The method could also be used for large PV plants where equally rated inverters are equally spaced throughout the plant. The exact lumped load model ensures that the voltage drop to the end of the line is the same in the reduced model and that the line losses are equal. For simplification and approximation, the model is developed for the case where the number of loads goes to infinity and the distance between the loads goes to zero. With these assumptions, the resulting model for a feeder with length l and total feeder load I T is shown in Figure 2 . The exact lumped load model is useful in specific circumstances with uniformly distributed loads, or it can provide a reasonable assumption for line losses and voltage drop along a feeder if the load sizes or locations are unknown. In contrast, if a simplified equivalent circuit for a full distribution system model is required, the exact lumped load model does not capture the diversity of line impedances and load sizes. Specific sections of the feeder may be applicable to use the exact lumped load model, but the model could not provide an equivalent representation for an entire feeder due to the complexity of load sizes (residential, industrial, commercial), range of line lengths in the feeder, and variety of possible distributed rooftop PV sizes. The load bus reduction methodology in Section 3 is formulated with a similar process to the exact lumped load model without the uniformly distributed loads assumption.
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LOAD BUS REDUCTION FORMULATION
Given the limitations of the methods previously discussed, a method is developed for reducing the distribution system to an equivalent circuit for performing PV interconnection studies. The reduced circuit must keep the important details like voltage regulators in the circuit while reducing the total number of buses. A method is developed and demonstrated for load bus reduction that combines a load bus into the two adjacently connected buses, thus removing the bus from the circuit. With reduction, all bus voltages and the current going into the network remain the same. In this manner, the circuit is fully equivalent to the original circuit power flow except with fewer buses.
The load bus reduction method is based on the key assumption that all loads on the feeder are fixed current loads. This is an important deviation from many power flow simulations that assume fixed P/Q loads. See Section 3.5 for more discussion of fixed current loads and evaluation of the assumption on the circuit reduction method. The reduction method also assumes balanced loads, balanced wire impedance, no shunt capacitance, and no mutual coupling. Future research will further investigate the impacts of these factors in the reduction of the circuit.
Single Load Bus Reduction
The method for load bus reduction is shown for the simplest case with 2 line sections with impedances Z 1 and Z 2 connecting three buses with load currents Figure 3 . The L variables represent the current consumed by the fixed current loads with the units of L being in Amps. If bus 2 is unnecessary in the equivalent circuit, it can be removed by combining L 2 into L 1 and L 3 , resulting in a single line section Z eq and only two load currents L eq1 and L eq2 . The resulting reduced circuit has the same voltages V 1 and V 2 and the same current I s coming into the circuit. The values for the equivalent circuit are shown in (2) - (4). Note that the impedance between bus 3 and bus 1 remains the same, so all results for short circuit and protection studies are unchanged. The total circuit load current is also the same with
Equivalent Voltage Drop
These equations can be derived by equating the voltage drop between V 1 and V 3 . The identical voltage drop must be identical for the full circuit and the equivalent circuit. The voltage drop for the equivalent circuit is
The voltage drop for the full circuit is shown to be the same as the equivalencing method proposed in (2) - (4). The voltage for the full circuit is
By using (2) and (4), the voltage drop is equal on the reduced circuit. In order for the current I s to be the same entering the circuit, L eq1 and L eq2 must equal L 1 +L 2 +L 3 , and L eq1 can be shown to be the difference between L 1 +L 2 +L 3 and L eq2 , where (15) is equal to the reduction method in (3).
Equivalent Power with Line Losses
The derivation and formulation of the above equivalent circuit was done to produce equal voltage drop between the equivalent circuit and the full circuit. The equivalent circuit can also be shown to be fully equivalent accounting for line losses. The power consumption by the full circuit including line losses is
15
The power consumption by the equivalent circuit including line losses is  
Using the equivalent circuit equation, by expanding the squared term in (17) and in some instances substituting in for
Thus, the total power for the equivalent circuit, shown in (22), is the same as the total power for the full circuit shown in (16) . Note that while the line losses are accounted for in the equivalent model and the total power of the circuit is equal, if the line losses are directly calculated for each model, the I 2 R losses will be different for the current flow. By moving part of L 2 to the first bus, the line losses are included in the movement of the fixed current load to the higher voltage. The line losses will always be correct, as shown above, but the line losses associated with L 2 in the reduced circuit is the combination of additional current flow along Z eq and the increased power consumption from placing part of the fixed current load at a slightly higher voltage V 1 .
Multiple Load Bus Reduction
The above process for reducing a single load bus can be repeated any number of times (recursively) to combine each load current into the load currents on either side of it using equations (2)-(4). Any chain of loads can be reduced into two buses. For example, the seven load buses shown in Figure 4 can be combined into two buses (V 1 and V 7 ). Each fixed current load in between the buses-of-interest is combined with the load currents on either side in proportion to the line impedances. Note that if the loads are equally spaced along the line where all line impedances between the buses are equal, (3) and (4) show that the reduced load bus is equally split between each adjacent bus. When the loads are equal in magnitude in addition to equally spaced, the equivalent circuit is half the load current at either end of the line section.
For any number of loads or feeder length, reducing a long section such as shown in Figure 4 will result in half of the load current at the beginning of the line section and half of the load current at the end. The reduction of uniform loads to two equal loads at either end is also shown in [20] . If the circuit in Figure 4 has uniform loads with magnitude L and impedance Z between all of them, the equivalent circuit is
Reduction of Branches and Preserving Feeder Topology
The method of load bus reduction allows any string of load buses to be combined, but realistic distribution feeders contain many branching sections and laterals. If the voltage on the branch or lateral is not required in the reduced circuit, all loads on the branch can be reduced by combining the loads onto the location of the branch split from the path that contains buses-of-interest. This is shown in Figure 5 where the equivalent load current at bus 1 is the sum of the load currents on the lateral. The method can be performed when the voltage V 4 and the voltage drop between V 1 and V 4 is not desired in the equivalent circuit.
The reduced circuit will have the same measured voltages at the buses-of-interest (1, 2, and 3) and the same current flowing into the network. The reduced circuit is fully equivalent and accounts for the line losses in Z 3 because the loads are fixed current loads. For example, the L 4 load current when moved to bus 1 is connected at a slightly higher voltage bus in the distribution system. The difference in voltage between bus 1 and bus 4 is due to the line loss from the current flowing to L 4 , so placing the fixed current load at the higher voltage equals the total power consumption of the original circuit for the load and the line loss. The power flowing into the lateral shows the equality of moving L 4 to V 1 . In this simple case the current flowing into the lateral I L =L 4 . The total power in the lateral is
With some manipulation, the total power in the lateral (26) is shown to equal the total power when L 4 is moved to bus 1 at V 1 . 
While the total power is the same and the line losses are always fully accounted for the equivalent circuit, the line losses directly calculated using the I 2 R losses will be different. This is similar to the previous discussion for load bus reduction where by moving L 4 , the line losses are included in the movement of the current source to the higher voltage. Line losses will always be correctly modeled in the equivalent, as shown in (26) and (27), but the circuit line losses can no longer be calculated using I 2 R.
Figure 5. Branches or laterals combination.
Any buses after a bus-of-interest can be reduced similarly to branch or lateral combination. If the voltage at the end of the lateral is not required, any bus downstream of a bus-of-interest is handled like a branch and can be combined back to the branch of interest, as shown in Figure 6 . Note that the voltage at V 2 is the same in both circuits because 
Preserving Feeder Topology
If there is a bus-of-interest on a branch in the feeder, the branch cannot be removed in the reduced circuit; otherwise the topology of the feeder would be modified in the equivalent circuit. The bus where the network splits must also remain if there is a bus-of-interest on each branch, but all loads on the branches can be reduced. For example, if V 3 and V 5 in Figure 7 are buses-ofinterest, the circuit can be reduced to three buses and three load currents, where the three equivalent load currents are the sum of the load currents in between each bus-of-interest.
Figure 7. Two buses-of-interest creating a branching equivalent circuit.
Discussion of Fixed Current Load Assumption
The proposed circuit reduction method is based on the key assumption that all loads on the feeder are fixed current loads, and not fixed P/Q loads as is commonly the assumption for power systems analysis and power flow simulations. This section discusses the differences between the load model types used for simulations and any deviations that may be introduced by modeling loads as fixed current loads instead of fixed P/Q loads.
The load type determines the model for the power consumption as a function of the voltage. As part of their Distribution Green Circuits program, EPRI has done experimental research on distribution feeders using conservation voltage reduction (CVR), showing empirically that every 1% reduction in voltage results in an average of 0.8% reduction in real power, or a CVR=0.8% [21] . For a fixed current load model, the power consumption is directly related to the voltage; therefore, CVR=1% for fixed current loads. Conversely, the power consumption does not change for fixed P/Q loads, which corresponds to a CVR=0%. Loads are also sometimes modeled as fixed impedance loads where the power is a function of the square of the voltage, in which case CVR=1.99%. From the point of view of power consumption as a function of voltage, modeling loads as fixed current loads is a valid assumption (CVR=1% vs. CVR=0.8% from EPRI's Distribution Green Circuits research), and may even be more accurate than modeling loads as fixed P/Q or fixed impedance.
While the power consumption as a function of voltage depends on the load model, there is very little difference in simulation results between different load model types. During the circuit model creation, the load types are selected for the feeder, and the load allocation process tunes the simulation model results to match the measured data from the feeder. If the load measurements are taken at the substation, when the load is allocated around the feeder, the simulation results must verify that the power at the substation is still the same as measured. In this case, for a fixed current load model, no tuning will be required because the substation voltage times the sum of all the load currents will always equal the measured power at the substation. If fixed P/Q load models are used, an iterative process must be used to match the sum of power consumption of the loads and all line losses to the measured power at the substation. In the event that the feeder data provided contains load measurements at the loads instead of the substation, the two load models switch roles in their need for calibration, causing the fixed current model to require tuning while the fixed P/Q model will not. For more information on load allocation see Section 2.4.1 in [20] . The load allocation process was performed for the full detail distribution feeder shown in Figure 8 using the load measurements at the substation. The models were calibrated to match the measured real and reactive power for each phase with a total feeder load of approximately 6 MW at 0.9 power factor. Simulations were run for three load model types: fixed P/Q, fixed current, and CVR type. The "CVR load" represents the results from [21] with CVR=0.8% for real power and CVR=3% for reactive power. The per unit phase voltages for each load type are shown in Table 1 . Table 2 demonstrates that the simulation results for a feeder are very similar independent of the type of load model. Table 2 also shows that using a fixed current load model is much closer to the actual feeder response, as measured by EPRI's CVR research. The results for the real distribution feeder model above are very small, but the theoretical maximum error will be shown using an extreme case and the simple circuit in Figure 9 . The same three load models are investigated, and the circuits are calibrated to have the same power flow at V 1 of 1000+ j200 kVA. These extreme cases will use the full allowed voltage range 1.0±0.05 pu, with the ΔV between V 1 and V 2 equal to 0.05 pu for the base case simulation. As seen in Table 3 , for this simple circuit, the load allocation and calibration process makes the simulation voltages equal for the different load types. For any new study scenario that would change the voltages, the percent change in the load power consumption due to the new voltage depends on the load model type. For example, simulations with new PV, different voltage control algorithms, the addition of capacitors, and expansion of existing loads will all present differences in simulation results between fixed current and fixed P/Q loads. In this case, the generator at V 1 has changed the voltage setpoint from 1.0 pu to 1.05 pu and the simulation results in Table 3 deviate between load models. Even for this extreme case, the fixed current load model is within ~0.0025 pu voltage of the fixed P/Q load model. As shown in Table 4 , the fixed current load model is much more accurate compared to the CVR voltage than fixed power loads. Table 3 . Bus voltages for two scenarios with different load type models for the circuit in Figure 9 .
Power Current CVR Base Case V 1 setpoint=1.0 The load model type does not significantly impact simulation results. For a full feeder model, the simulation differences were less than 0.025% for different load models. Using an extreme case, the maximum possible error between fixed power and fixed current load models is less than 0.3%. Compared to empirical CVR research in [21] , a fixed current load model is more accurate representation of real feeders than a fixed P/Q load and would have less model error compared to average distribution system loads. Therefore, the assumption of fixed current loads does not negatively impact the circuit reduction results.
FULL FEEDER REDUCTION METHOD AND VALIDATION
The formulation and equivalence of the circuit reduction method was shown in Section 3 and is now applied to an example distribution feeder to reduce the number of buses. The example 15-bus feeder shown in Figure 10 meets all the specified conditions and limitations of the method and is used to demonstrate the full feeder reduction method. Each step of the reduction process is explained in detail, and the equivalent circuits with all circuit parameters for each step are shown in Figure 11 .
The equivalence is validated during each step by simulating the shown circuits in PowerWorld Simulator to solve the power flow for voltages and currents. In the figures, voltages are line to line, current is per phase, and impedances are in ohms. The loads are balanced 3-phase, fixedcurrent loads. The loads are labeled in the figures with their rated power in kVA at the 19.8 kV rated voltage, but as fixed current loads their actual power consumption varies with voltage at the bus. The current of each load is constant and can be calculated by dividing the rated kVA by the rated voltage.
To begin reducing the circuit, the buses that should remain in the equivalent circuit must be selected. These buses-of-interest can be a user-selected option, the PCC for proposed PV plants, the feeder's lowest voltage bus, or any combination of factors. The buses shown in red in Figure  10 are selected as the user-specified buses-of-interest for the reduced circuit. After identifying the bus-of-interest, all other buses in a circuit or a feeder can be reduced to an equivalent circuit. These circuits at the buses-of-interest will respond the same way as they do in the full circuit model. Each of the four steps of reduction is shown below with their corresponding circuits. Step 1: Remove nodes that do not contain power elements such as load or generation. Under simple cases with a single line going through the node, the equivalent line is the sum of impedances on either side. If the bus is part of a network where there is a branch split or there are multiple lines, the standard Kron reduction technique can be used to remove the node from the Ybus matrix. Figure 11a shows all buses without loads removed from the circuit.
Step 2: Combine all branches and laterals not directly in the current stream between the substation and a bus-of-interest. This step is demonstrated in Figure 5 and Figure 6 above and can be done by placing the lateral loads directly on the point of interconnection with the path to a bus-of-interest. In Figure 11b , one feeder branch is reduced, and a load downstream from V 2 is added to the load at V 2 .
Step 3: Identify additional buses-of-interest that must remain in the final simplified equivalent circuit. Examples of additional buses-of-interest are buses that contain voltage regulation equipment, sources or DG locations, and transformers that model any differences in voltage bases between buses-of-interest. All junctions that are in the circuit at this step also become buses-of-interest because laterals that did not have buses-of-interest were already removed. In Figure 11c , V 3 is identified because of the junction, and V 4 is added because the voltage source is connected to that bus.
Step 4: Simplify all loads between the buses-of-interest using the method shown in Figure 3 with the equations (1), (2), and (3). The resulting circuit is shown in Figure 11d . After performing circuit reduction, the 15-bus feeder is reduced to 4 buses. During the process, two additional buses-of-interest were added at the generator and at the junction between the two buses-of-interest to maintain the feeder topology. As seen in Figure 11 , the solved power flow in PowerWorld results in the same voltages and currents as the full feeder model during each step of the reduction process. The steps and resulting calculated parameters are shown for the process to demonstrate the method, and simulations validate the equivalence of the reduced feeder model.
EVALUATING PV IMPACT USING CIRCUIT REDUCTION
In Section 4, the solved power flow results were shown to be the same for the full circuit and reduced circuit. The purpose of the circuit reduction method is to study the impact of variable renewable generation on the distribution system, so validation is performed by simulating the interconnection of PV on the system. Figure 12 contains the full circuit model from Figure 10 along with the reduced circuit from Figure 11d and the two potential PV interconnection study locations at V 1 or V 2 . 
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Static Steady-State Analysis of PV
Studying the impact of distributed generation, specifically PV, is done using both static snapshot analyses and time-series simulations. For the static steady-state analysis validation, the full circuit and equivalent circuit with the parameters and loads labeled from Section 4 are simulated with PV. The results are shown in Table 5 for a 1 MW PV plant connected at either V 1 or V 2 compared to the base case without solar. Note that the feeder topology is maintained and the voltages at the buses-of-interest are exactly equal for the reduced circuit for all three PV scenarios. 
Circuit Reduction Validation with Time-series Analysis
The same three simulations of the base case without solar, 1 MW PV at V 1 , and 1 MW PV at V 2 are performed as time-series simulations for a 1-day period at 15 minute resolution. For the simulations, the load varies according to a standard load profile with the peak load in late afternoon. The peak load is shown in Figure 10 , and all loads are varied together by a multiplier the rest of the day to match the feeder load profile. The impact on the voltages at the four busesof-interest due to variations in the load is shown in Figure 13a . As seen in Figure 13a , the reduced circuit has the same results as the full circuit even as the loads change throughout the day. The one-day simulations for a 1 MW PV plant connected at either V 1 or V 2 are shown in Figure 13b and Figure 13c respectively. The solar output profile for a cloudy day is simulated to show the impact of solar variability on the voltage and the corresponding time-series accuracy of the reduced model. 
CONCLUSION
With an increasing amount of Distributed Generation (DG) being connected on the distribution system, a method for simplifying the complex system to an equivalent representation of the feeder is advantageous for streamlining the interconnection study process. The equations and methodology are presented for simplifying feeders to only specified buses-of-interest while maintaining accuracy and the feeder topology. Mathematical proofs were presented to show the equivalence of the reduced circuit for voltage drop, line losses, and circuit current power flow. The method is demonstrated on a 15-bus feeder with two buses-of-interest that is reduced to a 4-bus circuit. The steps of reduction are shown as an example with all calculated circuit parameters. The reduced circuit is validated with PowerWorld Simulator to have the same voltages and characteristics at the buses-of-interest as the original circuit.
The equivalent circuit reduction method accurately represents the full circuit for time-series simulations. Even with a time-varying load profile and variable solar generation, simulation of the reduced circuit performs the same and has equivalent voltages when validated against the full circuit. It was not demonstrated in simulation in this report, but the reduced circuit is also valid for simulating operations of voltage regulation equipment in the feeder because the voltage profile at any bus-of-interest was shown to be equivalent to the full circuit. Since the line current was also shown to be equal in the reduced circuit, the reduced circuit can also handle any voltage regulation equipment that contains a load drop compensator (LDC).
It is important to recall the assumptions necessary for the circuit reduction method. The assumptions about balanced phase current and neglecting shunt terms can be especially problematic for simulating distribution systems. In future work this method will be expanded to be able to handle more realistic distribution systems with full complexity. After validating the circuit reduction methodology, the method can be applied to feeders with different topologies to produce a better understanding of how many buses are required in the simplified model and to quantify the decrease in simulation times and other benefits.
